The morphology of the miaocirculasion of u d melanomas is a reliable marker of tumor progression. Scanning electron miaompy of cast corrosion preparations can generate threedimensional views of these "lar patterns, but this technique szaifices the tumor parenchyma. Formalin-fixed wet h e scuions 100-150 pm thick h m u d melanomas were stained with the lactin ula europeus agglutinin I (UEAI) and prolitkrating cell nudear antigen (PCNA) to demonstrate simultaneously the tumor blood vessels and proliferating tumor cells. Indocarbocylnine (Cy3 was used as a fluorophore for UEAI and i nd0di -e (CyS) was used for PCNA. Double labeled sections were examined with a were digitized at the same 5-pm intends and each of the two images per interval was combined digitally to form one laser sranning confocal miaompe. Images of both stains
Introduction
The abundant melanin pigment found in many ciliary body and choroidal melanomas often obscures the detection of brown, blue, or red chromogens (1). Treatment of tissue sections with permanganate to bleach melanin may denature antigenic sites. Bleaching tissue sections after immunohistochemical staining and the development of chromogens (2) yields inconsistent results in large sections containing entire eyes or segments of eyes (3).
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Correspondence to: Dr. R. Folberg, U. of Iowa, Room 233 Med. Research Center, Iowa City, IA 122424182, image. These combined images were visualized through d ptocessiag to study the relationship between melanoma cells expressing PCNA and various microcirculatory patterns. This technique produces images comparable to scanning electron miaoscopy of cast corrosion preparations while permitting simultaneous localization of melanoma cells expressing PCNA. The microcirculatory tree can be viewed h m any perspeaive and the relatiomhip between tumor cells and the tumor blood vessels can be studied concurrently in three dimensions. This technique is an alternative to cast corro- 
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tissue sections 5-6 pm thick of paraf€ii-embedded, formalin-fmed tumors with fluorescein-conjugated Ulex eumpaeus agglutinin I (UEAI) and examining the sections with the laser scanning confocal microscope. UEAI, a reliable marker of vascular endothelium (4). is suitable for use within the uvea because there are no lymphatics in this location. Compared with standard epifluorescence microscopy, the laser scanning confocal microscope optical sections minimize flaring and can be optimized for the fluorescence signal. Images taken with the laser scanning confocal microscope can be digitized and made available for image analysis manipulation and computer-assisted three-dimensional (3-D) reconstructions Conventionally, 3-D reconstructions of microcirculatory beds require perfusion of the vessels with methacrylate to form casts (11-17). Unfortunately, in the course of making these cast preparations, the tissue containing the vessels (i.e., the tumor) is destroyed. In theory, if it is possible to reconstruct the microcirculation three-(5-10).
dimensionally by laser scanning confocal microscopy, it should also be possible to study the relationship between various tumor cell markers and the blood vessels. In this report we describe a technique for the simultaneous 3-D reconstruction of the microcirculation of ciliary body and choroidal melanomas and the demonstration of a marker of cellular proliferation, proliferating cell nuclear antigen (PCNA) (18, 19) .
Materials and Methods
Antibodies and Reagents. The following commercially available reagents were used in this study. Monoclonal murine anti-proliferating cell nuclear antigen (PCNA) antibody (18) (Signet Laboratories; Dedham. MA) was used to identify the proliferating fraction in the uveal melanomas. Biotinylated lectin U h ermpueus, agglutinin I (4) (UEAI) (Vector Laboratories; Burlingame, CA) was used to label tumor blood vessels (3). PCNA was linked to rabbit anti-mouse IgG (heavy and light chain) Uackson Imm u n o R e d , West Grove, PA) and labeled with indodicarbocyanine (Cy5)conjugated goat anti-rabbit IgG (heavy and light chain); biotinylated UEAI was labeled with indocarbocyanine (Cy3)-conjugated streptavidin (20) (21) (22) (Jackson I m m u n o R e d ) . Normal goat serum (Vector) was used as a blocking agent.
Tissue Preparation. Tumor tissue was obtained from eyes that had been removed for primary uveal melanoma. Both paraffin-embedded and wet tissues from 10 tumors were studied. The hiversity of Iowa Institutional Review Board granted permission to apply these investigative techniques to tumor tissue that remained after diagnostic surgical pathology studies had been completed.
Five-pm thick sections of p d i -e m b e d d e d tissue were cut on a microtome and mounted on silanated glass slides. The slides were dried in an oven at 60'C for 45 min. Slides were d e p d i n i z e d using xylene, absolute alcohol, and 95% alcohol, rinsed in distilled water, and transferred to a coplin jar containing 40 ml of0.05 M Tris-HC1 buffer, pH 7.4. The sections were then placed in a solution of 0.5% Triton X-100 (Sigma; St Louis, MO) for 30 min.
Thick sections (100-150 pm) of wet tumor tissue, fixed at room temperature (RT) for a minimum of 7 days (and up to 5 years) in 10% neutral buffered formalin (pH 6.8-7.2), were cut with an Oxford vibratome (Technical Products International; Ted Pella, Redding, CA). The wet tissue sections were placed in small, acid-cleaned plastic containers (Contmd 70; Curtis Matheson Scientific, Wood Dale, E) containing 5 ml of 0.05 M Tris-HC1 buffer, pH 7.4. Tissue sections were transferred to a solution of 0.5% Xiton X-100 for 30 min.
Single Immunohistochemical Staining. To find the optimal molecular proportions, the lectin UEAI was diluted with 0.05 M Trk-HC1 buffer, pH 7.4, to give final concenuationsofk50, 1:70,1:100,1:200, and k1200. Similarly, PCNA antibody was mixed with 0.05 M liis-HC1 buffer, pH 7.4, to give final concentrations of 1:125 and 1200. Rabbit anti-mouse IgG was mixed with 0.05 M Tris-HC1 buffer, pH 7.4, to give final concentrations of 1:90 and 1100. The Cy3-conjugated streptavidin was used in a concentration of 1:100 and the Cy5-conjugated goat anti-rabbit IgG in a concentration of 1:80.
The prepared p d i -e m b e d d e d and wet tissue sections were immunolabeled according to the following protocol. After washing in Trk-HCI buffer for 15 min, the tissue sections were covered with 5 % normal goat serum for 30 min. After the goat serum was removed, sections were incubated in PCNA for 1 hr, washed in %is-HCI buffer for 15 min, incubated in rabbit anti-mouse IgG in %is-HCI buffer for 1 hr, washed in Trk-HC1 buffer for 15 min, and incubated in Cy5 for 1 hr. This procedure was repeated, substituting biotinylated UEAI for PCNA and Cy3 for Cy5.
Double Cyanine Immunohistochemical
Staining. Paraffin-embedded and wet tissue sections were incubated with PCNA antibody (1:125) for 1 hr, washed in %is-HC1 buffer for 15 min, and incubated with rabbit antimouse IgG solution (190) for 1 hr. Sections were further incubated in the fluorophore Cy5-conjugated goat anti-rabbit IgG (1:80) for 1 hr, followed by washing in Xk-HCI buffer for 15 min. After immersion of the tissue sections in the biotinylated UEAI solution (1:200) for 1 hr, followed by a liis-HC1 wash, the fluorophore Cy3-conjugated sueptavidin (MOO) was applied to sections. After 1 hr the slides were immersed in Tris-HC1 buffer. Vectashield (Vector), a mounting medium, was applied and the slides were coverslipped. The edges of each coverslip were sealed with clear nailpolish.
Controls. The normal choriocapillaris in formalin-fiied wet tissue sections and paraffin-embedded tissue sections served as an internal positive control for biotinylated UEAI. Sections of an invasive squamous-cell carcinoma of the conjunctiva served as a positive PCNA control. As a negative control, reactions were made as described a b , with the modification that normal goat serum was substituted for the specific primary antibodies. Tissue sections of normal optic nerve were used simultaneously as a negative control (axons) for PCNA and as both a positive and negative control for biotinylated UEAI (central retinal artery and vein).
Laser h d n g confocal ~~p y .
The samples were imaged on a Bio-Rad MRC-600 laser Scanning confocal microscope (BioRad; Cambridge, MA). equipped with a kryptonlargon laser and a Nikon Optiphot microscope (Nikon; Garden City, NY). The fluorophores Cy3-conjugated streptavidin and Cy5-conjugated goat anti-rabbit IgGwere illuminated with the 568-nm and 647-nm wavelength lines, respectively. Separate filter blocks were used for each dye. Material stained by Cy3 was studied using a BioRad 568DF10 exciter fiiter. a BioRad 5 8 5 D m dichroic filter, and a BioRad 585EPIT emission filter; material stained by Cy5 was studied using a BioRad 647DFlO exciter Wter, a BioRad 660DRIT dichroic filter, and a BioRad 680EF32 emission filter. 2-series images for 3-D reconstructions of the tumor cells and the microcirculation were acquired with a x 20 NA 0.75 objective lens and a x 60 NA 1.4 objective lens using laser imaging steps between 1-5 pm. After computer-assisted digitizing using a 3-Com ethernet board and PC-NFS software programs (BioRad), the images were stored on a 940 MB Panasonic WORM drive (BioRad). Selected digitized images were printed with a Sony Up-5000 Color Video Printer.
Three-dimensional Reamauction 0fDigitized Images. Single and double labeled volumetric data sets acquired from the laser confocal microscope were processed on a Silicon Graphics R3000 Indigo Elan workstation (Mountain View, CA) using two software packages, Voxblast and VCalc (Vaytek Fairfield, IA). Voxblast performs 3-D reconstructions of voxel (volume pixel) data sets acquired from medical imaging and confocal microscopy. This software permits the user to view volume-rendered images of voxel data, segment objects, and acquires true 3-D measurements interactively. Voxblast uses v d i b , which was originally developed for an MRI brain analysis program, Brainvox (23) . VCalc is a software tool that computes a new volumetric data set from two existing data sets through mathematical operations such as addition.
Using Voxblast, single label volumetric data sets were autosegmented to separate blood vessel data from background noise that accompanied data acquisition. The opacity of the noise voxels was minimized, the contrast of the blood vessel voxels was maximized, and a lighting model was applied to each rendered image.
Double label volumetric data sets are composites created by summing two single label data sets using VCalc, thus allowing both UEAI and PNCA antibody to be viewed simultaneously within the same volume. F'seudocoloring was applied to PCNA antibody to distinguish it from UEAI. Processing of the composite double label datasets was then accomplished using Voxblast as described above.
For the purposes of producing publication quality illustrations of these Figures 1 and 2) . each original digital image was saved in a tagged image file format (TIFF) and imported into Adobe Photoshop version 2.5 (Adobe Systems; Mountain View, CA) on a Hewlett-Packard Vectra microcomputer (Hewlett-Packard; Palo Alto, CA). None of the original data were altered. Filters for edge sharpening, sharpening, and noise reduction using the "median" function were applied to each of the images and the figures exported to a Nikon CP-3000 dye sublimation printer (Nikon; Tokyo, Japan).
3-D digital reconstructions (

Results
We were able to demonstrate both PCNA and VEAI in paraffinembedded tissue sections. We used formalin-fued wet tissue to study the three dimensional relationships between proliferating tumor cells and the microcirculation because it was not possible to cut paraffin sections that were sufficiently thick to obtain a satisfactory 3-D view of tumor blood vessels. Figure 1 illustrates four views of a 3-D reconstruction of a dou-ble labeling procedure performed on formalin-fixed wet tissue (100-150 pm thick) for which only the volumetric data set forUEAI was analyzed. Each of the views represents a 45" rotation of the reconstruction. Straight vessels, arcs, and loops are identified in three dimensions. These reconstructions are comparable in quality to cast corrosion preparations of microcirculatory beds (11-17). Figure 2 represents a double labeling experiment on formalinfued wet tissue (100-150 pm thick) for which both volumetric data sets (i.e., UEAI and PCNA) were analyzed. This figure, also shown in sequential 45' rotations, illustrates the relationship between tumor cells expressing PCNA and the microcirculatory bed. It is interesting that in this 3-D reconstruction the cells expressing PCNA form spherules, which may represent expanding subpopulations of cells.
For single and double immunofluorescence staining, optimal reactions without background interference were achieved by using the PCNA antibody in a 1:125 concentration complexed with Cy5-I m I . t E I G conjugated goat anti-rabbit IgG in a 1:80 concentration and biotinylated UEAI in a 1:200 concentration complexed with Cy3conjugated streptavidin in a 1:100 concentration. The complexes of normal goat serum with Cy5-conjugated goat anti-rabbit IgG and normal goat serum with Cy3-conjugated streptavidin did not react with the tissue.
Visualization of each of the complexes depended in part on the degree of melanin pigmentation. In very heavily pigmented tumors, visualization of the fluorphores with the laser scanning confocal microscope was limited to 50 pm depth. In most sections of lightly pigmented tumors, the laser scanning confocal microscope detected fluorescence for a depth up to 125 pm.
Discussion
Recently, there has been considerable interest in the relationship between the density of tumor blood vessels, as measured twodimensionally from glass microslide preparations, and the prognosis for several human cancers, including carcinoma of the breast (24, 25) , small-cell carcinoma of the lung (26), and prostate carcinoma (27). Although the density of tumor vascularization has been associated with the prognosis for human primary cutaneous melanomas (28,29), the density of tumor angiogenesis is not associated with the prognosis for human uveal melanomas (3).
In addition to normal blood vessels and focal zones of relative avascularity, primary human ciliary body and choroidal melanomas contain new blood vessels that form distinctive morphological patterns: isolated straight vessels, straight vessels that are parallel with each other, parallel vessels that cross-link, arcs (incompletely closed loops), arcs with branching, closed loops, and networks of closed loops (3). The presence of networks of closed loops has been found to have the strongest association with death from metastatic melanoma of any parameter, including tumor size, cell type, and mitotic activity; the presence of parallel vessels with cross-linking is also strongly associated with the development of metastases (30).
The technique described in this report was designed to visualize these microcirculatory patterns in three dimensions. The preparation of cast corrosions, similar to those used to visualize the microcirculation of experimental and human colon cancers (15,17), permits a panoramic 3-D view of tumor blood vessels but does not allow a simultaneous study of the relationship between the properties of the tumor cells themselves and the tumor blood vessels. The techniques described in this report provide a simultaneous 3-D visualization of the microcirculation and cells expressing PCNA, and are an alternative to cast corrosion preparations. PCNA was used as the second label in this study because a high percentage of cells expressing this antigen is also suspected of being associated with a poor prognosis (31). In addition, from the standpoint of tumor biology it is interesting to study the relationship between cell proliferation and angiogenesis. Using the methods described in this report, it may be possible to visualize other tumor cell markers, such as p53 protein (32), or the extracellular matrix, such as various integrins (15.17).
The technique of double hmunolabeling, laser scanning confocal microscopy, and computer-assisted 3-D reconstruction does have limitations. First, as mentioned above, each of the labels used was detectable to a different depth in heavily pigmented tumors.
Second, unlike scanning electron microscopy of cast corrosion prcparations, which permits the 3-D study of large surface areas, the technique described in this report is most suitable for the study of small lateral surface areas (i.e., whatever can be visualized in the microscope objective). To create a 3-D montage, one must overlap data not only along the x-and y-axes but also along the z-axis, a procedure that is tedious and requires extensive computer resources. 
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